Steady solutions from a one-layer, wind-driven, primitive equation model are analyzed to determine the importance of wind forcing, pressure gradient force due to the climatological density distribution and bottom form drag on circulation in the Southern Ocean. Five simulations are discussed: three wind-forced simulations with differing bathymetry (flat bottom, 15% bathymetry, and full bathymetry), one case with full bathymetry forced with the density-induced pressure force, and one case with full bathymetry forced by both wind and density-induced pressure gradients. The simulations presented here confirm the previous speculation (Munk and Palm6n, 1951) that form drag is effective in balancing the driving force due to the surface wind stress. In fact, it has such a stron• effect that bathymetry with only 15% of the true amplitude reduces the transport from over 480 x 10 • m 3 s -! to about 190 x 10 6 3 1 m s-. If the true bathymetry is used, the total transport is reduced to a value around 20 x 10 6 m 3 s-1. Analysis of the zonally integrated momentum in the unblocked latitudes of the Southern Ocean shows that the bottom form drag balances the surface forcing, even for simulations that have viscosities that are in the upper range of acceptable values. The vertically integrated pressure gradient due to the climatological density distribution produces a body force that accelerates the Antarctic Circumpolar Current, producing a transport of about 250 x 10 6 m 3 s -1 . Therefore the pressure gradient produced by the density structure of the Southern Ocean is an integral part of the dynamics of the Antarctic Circumpolar Current. It forces the flow across bathymetry that would, in the absence of the spatially varying density field, block the circulation. This result is in contrast to mid-latitude gyres in which the steady, wind-driven circulation is insulated from the influence of bathymetry by stratification (Anderson and Killworth, 1977). 1.
INTRODUCTION
During the past 15-20 years, much effort has been focused on understanding the circulation of the Antarctic Circumpolar Current (ACC). However, the momentum balance that produces the observed circulation of the ACC is still not well known. A variety of processes have been suggested [Nowlin and Klinck, 1986; Johnson and Bryden, 1989; Wolff et al., 1991] to balance the momentum input through wind stress, which is the primary motive force for this current.
The most obvious mechanism to balance wind stress is bottom form drag, which was proposed by Munk and Palm•n [ 1951 ] . However, in vertically averaged models with uniform density, form drag is too effective in removing momentum, which is apparent from the strong reduction in the integrated volume transport in simulations with variable bottom topography [Bryan and Cox, 1972; Schulman, 1975] . The inclusion of stratification in a flat bottom model produces a volume transport that is too large [Gill and Bryan, 1971 ], relative to an annual mean transport at Drake Passage of 125 x 10 6 m 3 s -• [Whitworth and Peterson, 1985] . Even the introduction of bathymetry in the form of a wall in Drake Passage that blocks two-thirds of the channel results in transport values that are too high. Recent World Ocean circulation models [e.g., Semtner and Chervin, 1988] with realistic bathymetry and stratification generate transport of the ACC that is high by almost a factor of 2. The most realistic model of the Southern Ocean, the the volume transport of the Antarctic Circumpolar Current is declining toward the end of the simulation, which may be a response to modifications in the dynamical processes and parameters in the model.
A second mechanism for balancing the wind stress is divergence of momentum fluxes due to mesoscale eddies. The interaction of eddies and bottom topography and its effect on the dynamics of the ACC has been considered in a recent study [Wolff et al., 1991] , which extends the work of McWilliams et al. [1978] by considering the effect ofbathymetry on a two-layer, quasi-geostrophic, eddy-resolving channel model. Bathymetry is found to be effective in opposing the wind stress, and bottom friction (linear loss in the lower layer) is of secondary importance except along latitude lines that do not cross bathymetry, i.e., along latitudes where the depth is uniform. Lateral friction is a negligible factor in the dynamical balance because of the choice of biharmonic representation for subgrid-scale friction and because there is no stress on the lateral walls. Form drag due to the bathymetry of Macquarie Ridge (even when it is diminished in size because of the quasi-geostrophic constraint) is shown to be the most important mechanism for momentum loss [Wolff et al., 1991, Figure 19 ].
The purpose of this modeling study is to consider the effects of wind, bathymetry, and density gradients on the circulation of the Southern Ocean. Of particular interest is the momentum balance in the zonal part of this ocean, where the traditional dynamical balance for subtropical gyres is not appropriate. The dynamical balance for this part of the ACC is investigated by calculating the terms in the zonally aver- 
variations.
The circulation obtained from the model forced by the internal pressure gradients is essentially a diagnostic calculation with viscous drag. It is more appropriate to specify the initial distribution of density and allow the circulation to adjust to a geostrophic balance. However, this calculation requires a fully three-dimensional dynamical model and considerable computer time. In fact, the threedimensional calculation, among others, has been pursued by the FRAM project in England (for more information, see FRAM News, published by Institute of Oceanographic Sciences, Wormley). One result of the present study is that it is possible to include the effects of internal density distributions without having to make a fully three-dimensional calculation.
The remainder of the paper is organized as follows.
Section 2 describes the numerical circulation model. Section 3 discusses five cases that are used to analyze the dynamical balances calculated from the steady state circulation. Section 4 considers the zonally integrated momentum balance for these cases. The last section is a summary.
MODEL FORMULATION

Model Geometry
The domain of interest for this calculation extends from the Antarctic continent to the northern side of the southern subtropical gyres, encompassing the region from 75øS to 25øS (Figure 1) . The domain extends far enough north to include most of the subtropical gyres, thus insulating the ACC from the influence of the northern model boundary and allowing the location of the ACC to be determined by the wind forcing and bathymetry rather than by an artificial constraint imposed by the model boundaries.
The resolution for the finite difference circulation model is 1 ø longitude by 0.5 ø latitude. Bathymetry, at this resolution (Figure 1 ), is extracted from 5' x 5' bathymetry (from National Geophysical Data Center in Boulder, Colorado); the zero depth contour from this bathymetry data set defines the continental boundaries appropriate for this grid resolution. The bathymetry is smoothed by two passes of a five-point smoother in order to avoid single-point bathymetric features and to ensure that the resolution of the bathymetry matches that of the model.
Surface Wind Stress
The climatological wind stress, prepared by Trenberth et al. [1989] from surface forecasts produced by the European Centre for Medium-Range Weather Forecasting, is used to force the circulation. The annual mean wind stress, originally on a 2.5 ø x 2.5 ø grid, is interpolated to the 1 ø x 0.5 ø model grid (Figures 2a and 2b) . The wind stress is mainly [Bryan and Cox, 1972] . The simulations considered here use the values 5 x 10 -7 s -1 and 104 m 2 s -1 for the linear friction and lateral friction coefficients, respectively. Simulations were attempted with somewhat smaller values for each of these parameters, with the result that the solution developed strong oscillations, as expected if the western boundary layer is not resolved.
Forcing by Density Gradients
The influence of a time invariant, spatially varying density field on the circulation is obtained from a straightforward manipulation of the dynamical equations. The shallow-water equations above (1)-(3) are obtained from the Euler equations, by averaging in the vertical. In the form given above, the density of the water is assumed to be constant, so the pressure gradient force arises only from the slope of the free surface. If the density is not uniform, then a pressure gradient force results from horizontal density variations and two additional terms appear in the governing equations.
The form of these additional terms is obtained as follows.
The hydrostatic pressure is p(x, y, z, t)= gpor/(x, y, t)+ g p(x, y, z) dz,
where the assumption is made that the spatially varying density is independent of time. If the internal pressure is denoted p (= 17 J' p dz), then the pressure gradient is composed of two parts: 
Estimation of the Force Due to Density Gradients
Gordon and Baker [1986] constructed a temperature, salinity, and density climatology of the Southern Ocean by objectively mapping hydrographic observations onto a regular grid of points (2 ø longitude by 1 ø latitude at standard depths). These data were used as described below to estimate the pressure force produced by the internal density gradient (5).
Because of data sparsity, there are locations in the gridded fields, usually near the bottom or on the continental margin, at which no estimate of temperature or salinity is given. In order to estimate bottom pressure and vertically integrated pressure, it is necessary to integrate through the water column at every ocean point, which requires estimation of the missing values. For this study, missing values were obtained by interpolating the interior temperature and salinity values and then calculating the density rather than trying to interpolate the density directly. Some of the missing values were obtained by horizontal injection, where only one neighbor point was known. In a few places, values needed to be injected vertically into small basins. In all, about 1% of the temperature and salinity points were specified by interpolation or injection.
Once complete temperature and salinity fields are obtained, the density anomaly relative to water at a given depth with a temperature of 0øC and a salinity of 35%o was calculated. The density anomaly is used in place of the full density in order to remove a large, but dynamically irrelevant, hydrostatic pressure at the bottom, which causes a loss of precision when derivatives are estimated by subtraction. The bottom pressure is calculated by vertically integrating the density anomaly using the trapezoidal rule. The deepest density value is used to calculate the pressure at the bottom, or equivalently, the density anomaly at the bottom is assumed to be the same as that at the deepest standard depth. Once the bottom pressure is calculated, then the vertical integral of the pressure is obtained from the trapezoidal rule.
The vertically averaged pressure and density anomalies, which are obtained by dividing the integrated pressure and the bottom pressure anomalies, respectively, by the local depth (obtained from the same 5' bathymetry used in the model), are then interpolated onto the surface elevation points on the model grid. This procedure is used so that slight differences in the bathymetry values, which are at different locations and have been smoothed differently, do not cause large errors when derivatives are estimated. The integrated pressure and bottom pressure are recovered from the interpolated values by multiplying by the bathymetry used in the model. Given the bottom and the integrated pressure, it is straightforward to evaluate (5) for the body force due to the density distribution (Figures 3a and 3b) . The largest values of the forcing range up to 100 N m-:, but most of the values are between 10 and 20 N m-:, which is a factor of 100 larger than the wind stress. In contrast to the wind stress, the density forcing is strongest in the north-south direction, since this is the direction of the largest density change.
RESULTS
Five simulations are presented which illustrate the influence of surface wind stress, bathymetry, and pressure gradients due to density variations on the circulation in the Southern Ocean. All other parameters are held fixed in order to compare the influences of these three parts of the calculation. For each simulation, the flow is started from rest and is allowed to adjust until a steady circulation develops. The external forcing is ramped up over 33 days (800 steps) in order to avoid energetic transients; the solutions become steady after about 1.8 years (16,000 steps) of simulation.
The first three simulations are forced by the same surface wind stress but have varying bathymetric heights: a fiat bottom, bathymetry with 15% of the true elevation, and the true bathymetry. The fourth simulation uses the full bathymetry but is forced by pressure gradients due to the internal density distribution. The final case combines the wind forcing and the pressure force due to the internal density gradients with the full bathymetry. 
Wind-Driven, Flat Bottom Simulation
Wind-Driven, 15% Bathymetry Simulation
The circulation in the previous case is clearly too strong and much too zonal. Munk and PalmOn [1951] suggested that form drag over a sloping bottom should provide sufficient force to balance the wind. Thus, to simulate this effect, bathymetry was included in the model at 15% of its true amplitude relative to the mean depth. This value of reduction is somewhat arbitrary and was chosen empirically. Simulations with bottom reduction parameters that ranged from 10% to 30% indicated that the most realistic path for the ACC is obtained using a value of 15%.
The steady circulation for this case shows an ACC ( Figure  5a ) with a structure that compares well with the dynamic topography relative to 1400 m ( Figure 6 ) calculated from Gordon et al. [1978] . The reference depth is chosen as the zero crossing of the first dynamic mode in Drake Passage [Inoue, 1985] . The dynamic topography relative to 1000 or 2500 m (not shown) yields essentially the same pattern.
The strong latitudinal shifts in the simulated flow compare well with similar shifts in the dynamic topography. In particular, there is a southward displacement of the ACC at 30øE, a narrowing of the ACC at 80øE and 160øW, and a northward displacement east of Drake Passage (50øW). However, the total transport in this case (189 x 10 6 m 3 s -]) is a bit larger than the observed value of 125 x 106 m 3 s -] [Whitworth, 1983] 
Wind-Driven, Full Bathymetry Simulation
The structure of the steady circulation over the true bathymetry forced by surface wind stress is unrealistic (Figure 7a 
Full Bathymetry Simulation
The steady circulation produced by the pressure force due to internal density gradients and the surface wind stress is only slightly different from the case driven only by the internal pressure gradients. The transport is 279 x 10 6 m 3 s -1 , which is very close to the sum of the transport for the wind-driven case and the density gradient driven case. The surface elevation (Figure 9a ) is similar to that obtained in the previous case. Likewise, the surface topography in the southwestern South Atlantic (Figure 9b) is almost the same. 
where one integration by parts has been performed on the normal stress term. The terms in ( Figure 10a ). Form drag is identically zero, and tangential stress is small. The major balance in this circulation is between surface stress and bottom stress, although there is a small amount of lateral diffusion of momentum into the adjacent subtropical gyres (north of 55os).
The partial bathymetry case is represented by a three-term balance among surface stress, form drag, and bottom stress (Figure 10b) . A majority of the balance is between surface stress and form drag, but the bottom loss accounts for about 25% of the dynamical balance. In spite of the moderately high value for the bottom and lateral friction coefficients and the strongly reduced bathymetry, the major drag mechanism is form drag due to the variable bottom.
The full bathymetry case driven by wind stress (Figure  10c) shows a balance similar to the reduced bathymetry case: the form drag opposes the wind stress. However, in this case, bottom drag makes only a small contribution to the overall momentum budget. Again, even though the friction coefficients are rather high, the integrated balance is primarily between wind stress and form drag.
Finally, the case driven by internal pressure gradients (Figure 10d ; note that the momentum scale has changed) has a two-part balance between the integrated pressure gradient force and form drag with a very small contribution due to bottom friction. Tangential stress plays a negligible role in the momentum balance. If wind stress is added to the pressure gradient forcing, then the balance is identical (Figure 10e) with slight increases in the magnitude of the forcing and the form drag, but otherwise there is no difference.
DISCUSSION
Bottom Form Drag
The difference in the wind-driven circulation between the flat bottom case and the full bathymetry case is remarkable (although well known), in that the pressure force of the bottom on the flow has the effect of reducing the circulation by a factor of 100 or more. The influence of the bathymetry is so strong that even a gentle bottom slope (15% of the true value) reduces the flow speed to within a factor of 2 of the observed value.
The problem remains that the form drag is too strong in barotropic simulations with the correct bathymetry. Typically, arguments are made that it is the bottom flow, which is smaller than the vertically averaged flow, that is responsible for the form drag, so the bathymetry can be reduced by some factor to properly scale the effect of the bottom slope [Pedlosky, 1987, p. 261 ]. However, this reduction ofbathymetry simply creates another poorly known parameter which must be estimated somehow. A "correct" value is not possible, since the bathymetry also affects the path of the ACC; if the reduction parameter is chosen to give a transport of about 100 x 106 m 3 s -1, then the path of the ACC is deflected too much. If the reduction parameter is chosen to give a reasonable path for the ACC, the transport is larger than the measured value. The simulation presented here with 15% bathymetry follows the latter condition that the path of the ACC is approximately correct; however, the transport is 2 times the observed value.
Internal Density Gradient Effects
At first it seems curious that the density gradients produce a force that accelerates the ACC, a result obtained earlier by Gill and Bryan [1971] . However, this force is a necessary mechanism for producing a realistic simulation of the Southern Ocean. The dynamically consistent way to provide for the influence of the internal density structure is to integrate a three-dimensional model. However, an alternative to this is to estimate the vertically integrated effect of the density structure and include it as a body force. The drawback of this method is that the density, which has been estimated from time aliased observations and has been spatially smoothed to some extent, is not modified by the circulation, which reacts to bathymetry as well as density gradients, to produce an appropriate geostrophic balance.
It is clear from the general structure of the simulation (Figure 8a) that the pressure force due to the internal density gradients is of the proper sign and magnitude to provide a more realistic transport in the presence of bathymetry than is produced by wind forcing alone. In summary, the integrated density gradients provide the proper pressure gradient force to allow the flow to negotiate the various ridges in the Southern Ocean.
Eddy Effects
Several recent modeling studies have investigated the effects of mesoscale eddies on the dynamics of flow in a zonal channel [Wolff and Olbers, 1989; Treguier and McWilliams, 1990; Wolffet al., 1991] . These studies focus on the process of momentum transport by eddies and consider, in particular, how standing eddies (permanent distortions of the density surfaces) produce a downward transmission of momentum.
The ultimate sink for momentum in these models is form drag (mainly) and bottom friction. Latitude vertically integrated circulation in the Southern Ocean is to accelerate the flow, as was first discussed by Gill and Bryan [1971] . This earlier simulation had insufficient drag, since the bathymetry was everywhere flat except in Drake Passage, where a partial vertical wall was included to mimic blocking. In the present study, the coupled effect of stratification and form drag from finite width bathymetry produces a more realistic circulation.
In contrast to mid-latitude gyres [Anderson and Killworth, 1977] , where the steady wind-driven circulation is insulated from the effect of bathymetry by stratification, the density variation is required in the Southern Ocean in order to produce a realistic simulation of the ACC. The observed density structure is such that the pressure gradient force pushes the flow across bathymetry that would, in the absence of the density field, block the circulation. However, the processes that produce the observed density structure of the Southern Ocean are not clear. One possibility is that the observed surface wind stress would force an initially still and vertically stratified Southern Ocean into the observed state. Alternatively, the surface heat flux may be required to produce the observed density distribution. The answer to this question requires the analysis of more comprehensive models.
